Abstract. O'nyong-nyong virus (ONNV), an alphavirus closely related to chikungunya virus (CHIKV), has been the documented cause of two large outbreaks in east Africa; however, little is known about the contribution of ONNV to cases of acute febrile illness during interepidemic periods. An ONNV real-time reverse transcription polymerase chain reaction (rRT-PCR) was developed and evaluated using clinical and mosquito pool samples. The ONNV rRT-PCR linear range extended from 8.0 to 2.0 log 10 copies/μL, and the lower limit of 95% detection was 22.4 copies/μL. No cases of ONNV infection were identified in serum from 385 Kenyan children who presented with an acute febrile illness. Additionally, ONNV was not detected in 120 mosquito pools collected in coastal and western Kenya. The ONNV rRT-PCR demonstrated good analytical sensitivity when performed in monoplex or as a component of an ONNV-CHIKV duplex assay. This assay should provide a useful diagnostic for the detection of ONNV in surveillance studies.
O'nyong-nyong virus (ONNV) is an arbovirus in the family Togaviridae (genus Alphavirus). ONNV is closely related genetically and antigenically to chikungunya virus (CHIKV), 1 and both pathogens cause an acute systemic febrile illness with prominent arthralgia. 2,3 However, ONNV is unique among the alphaviruses in that it is transmitted by Anopheles mosquitoes, the vectors of human malaria. 4, 5 ONNV was identified as the cause of two large, well-documented outbreaks in east Africa. The first, during which the virus was identified, began in northwestern Uganda in 1959 and subsequently spread into Kenya, Tanzania, and Malawi with cases documented as far west as Senegal. [6] [7] [8] ONNV caused a second outbreak in 1996-1997 that began in southwestern Uganda. 9 The last reported cases of ONNV in Kenya occurred in 1961. 7, 10, 11 ONNV was isolated from Anopheles funestus mosquitoes captured on the Kano Plain of Kenya in 1981, 7 and in 2013, ONNV was diagnosed in a German traveler who returned from east Africa, including a 2-week stay in the Kisumu region of Kenya immediately preceding symptom onset. 12 Little is known about interepidemic ONNV transmission or the contribution of ONNV to acute febrile illnesses in Kenya. Recently, high seroprevalence rates for ONNV and CHIKV were detected in villages of coastal Kenya, including individuals with antibodies to one or both viruses. 10 Given the difficulty in distinguishing clinical illnesses caused by ONNV from those caused by pathogens such as malaria or CHIKV, we sought to develop a sensitive and specific realtime reverse transcription polymerase chain reaction (rRT-PCR) for the detection and quantitation of ONNV in patient samples. Only one such assay has been published, 13 and the purpose of this study was to design an assay for use as either a monoplex test or in multiplex with real-time assays for CHIKV as well as malaria, previously developed by our group. 14, 15 To design the ONNV rRT-PCR, all available complete genome sequences of ONNV (N = 3) and Igbo-Ora virus (N = 1) in the Nucleotide database (National Center for Biotechnology Information) were aligned using MegAlign Software (DNAStar, Madison, WI). The resulting majority consensus sequence for ONNV was aligned against a CHIKV consensus sequence generated using 141 complete CHIKV genome sequences. The CHIKV consensus has been described previously. 15 A target region was identified that 1) was highly conserved among CHIKV sequences in the CHIKV alignment and 2) contained a sufficient number of mismatches between ONNV and CHIKV to design specific primers and probes. This region included a portion of the 59 untranslated region and nonstructural protein 1 gene of ONNV. Primers and probes were designed using Primer3 software (Whitehead Institute for Biomedical Research, Cambridge, MA) and selected for evaluation if they 1) had ³ 4 mismatches to the CHIKV consensus and 2) were compatible in multiplex with assays previously designed by our group (evaluated using http://biocompute. bmi.ac.cn/MPprimer/primer_dimer.html). Primers and probes were evaluated at varying concentrations, from 100 to 400 nM in the final reaction mixture, using genomic RNA from a reference ONNV strain (MP30), and the primer-probe pair with the best analytical sensitivity was selected for use ( Table 1) .
The ONNV rRT-PCR was performed using 5 μL of RNA eluate in 25 μL reactions of the SuperScript III Platinum One-Step qRT-PCR Kit (Thermo Fisher Scientific, Waltham, MA) on a Rotor-Gene Q instrument (Qiagen, Germantown, MD). Final primer and probe concentrations are shown in Table 1 . Cycling conditions were the following: 52°C for 15 minutes; 94°C for 2 minutes; and 45 cycles of 94°C for 15 seconds, 55°C for 40 seconds (signal acquired), and 68°C for 20 seconds. Analytical characterization was performed according to published recommendations 16 and consistent with previous reports. 14, 15, 17 For assay interpretation, a crossing threshold was set manually, such that the threshold crossed curves at the start of the linear phase of the amplification plot over the entire linear range. Exponential curves that crossed this threshold prior to cycle 45 were considered positive for ONNV. Linear range, precision, and lower limit of 95% detection experiments were performed using synthesized Ultramer Oligos (Integrated DNA Technologies, Coralville, IA) containing the assay target sequence.
The linear range of the ONNV rRT-PCR extended from 8.0 to 2.0 log 10 copies/μL ( Figure 1 ). The lower limit of 95% detection was 22.4 copies/μL (95% confidence interval: 17.3-36.7), as calculated by probit analysis (SPSS software; IBM, Armonk, NY). Precision of the ONNV rRT-PCR at four concentrations is shown in Table 2 . Performance of the ONNV rRT-PCR was also evaluated as a component of an ONNV-CHIKV duplex assay, which included CHIKV primers and probes that have been described previously. 15 The linearity of ONNV detection in the duplex assay is shown in Figure 1 .
Assay exclusivity was confirmed by testing genomic RNA from the following: dengue virus, serotypes 1-4; two strains of CHIKV; St. Louis encephalitis virus; four strains of West Nile virus, Zika virus; tick-borne encephalitis virus, Japanese encephalitis virus; Semliki Forest virus; Mayaro virus; Ross River virus; Getah virus; Barmah Forest virus; and Una virus. Additionally, extracted RNA from 10 patients with hepatitis C virus infection was tested. No signal was detected from these viruses or samples in the ONNV rRT-PCR.
Following the analytical characterization of the ONNV rRT-PCR, we tested serum from 385 randomly selected children enrolled in an ongoing, acute febrile illness surveillance study in Kenya. Children aged 1-17 years with documented fever (³ 38°C) were enrolled at two health-care sites on the Indian Ocean coast (Ukunda Health Centre and Msambweni District Hospital) and two sites in Western Kenya (Obama Children's Hospital in Kisumu and Chulaimbo District Hospital). All participants had demographic and health history information collected and a physical examination and blood draw at enrollment. Mean age was 5.05 years (standard deviation [SD]: 3.46), and 193/383 patients (50.4%) with recorded clinical data were female. Samples were obtained at a mean of 2.46 days after symptom onset (SD: 0.86). Total nucleic acids were extracted from 140 μL serum using an easyMAG instrument (Biomerieux, Durham, NC) and a 60 μL elution volume. In total, 158 patients (41.0%) tested positive for malaria using a real-time PCR that has been described previously. 14 
Study protocol was reviewed and approved by the Stanford University Institutional Review Board (no. 31488) and the Kenya Medical Research Institute Scientific and Ethical Review Committee (SSC 2611).
Additionally, 120 mosquito pools, including legs from 1,128 individual mosquitoes, were tested for ONNV RNA: 82 pools of Anopheles mosquitoes (An. funestus, N = 32; Anopheles gambiae, N = 40; unspeciated, N = 10) and 38 pools of Aedes aegypti. Mosquitoes were collected at all life stages from both regions using a combination of methods (ovitraps for all Ae. aegypti pools; larval and pupal sampling, 56 pools; backpack aspirators, 24 pools; and BG sentinel traps, Biogents AG, Regensburg, Germany; 2 pools). Immatures were reared to adulthood and then morphologically identified. One leg from each mosquito was dissected and placed into pools of 1-26 mosquito legs (mean: 9.4, SD: 9.0) by species, sex, trap type, and date of collection. 18 Pooled legs were homogenized using a Bead Ruptor 24 (Omni International, Kennesaw, GA) and pool RNA was extracted using a MagMAX Express instrument (Thermo Fisher Scientific).
No participants had detectable ONNV RNA. In total, 158 patients tested positive for malaria and 32 patients tested positive for CHIKV using real-time molecular diagnostics. All mosquito pools also tested negative for ONNV. Known positive clinical samples and/or mosquito samples were not available for testing.
Although ONNV was not detected in clinical samples from symptomatic participants or in mosquito pools collected in coastal and western Kenya, these data add to the mystery that surrounds ONNV in east Africa. This virus has resulted in two large outbreaks in the region, both centered in Uganda, and it has sporadically been detected during interepidemic periods. In a seroprevalence study of animal populations in the greater Congo Basin, African forest buffalo (Syncerus caffer nanus), duikers (Cephalophus and Philantomba spp.), and mandrills (Mandrillus sphinx) were found to have antibodies to ONNV, indicating that these may be reservoir populations for the virus, which has not been isolated from naturally infected animals other than humans. 19 A seroprevalence study involving 1,848 participants from two village clusters in coastal Kenya found that 56% of individuals had antibodies to ONNV and 38% had high antibody titers to both ONNV and CHIKV. 10 Age was significantly associated with antibody detection, though young adults were more likely to be seropositive than older adults. 10 Notably, our participants had a high incidence of malaria, as detected by rRT-PCR in serum, indicating exposure to An. gambiae mosquitoes, which are the principal vectors of human malaria. Although ONNV has been shown to infect and disseminate in An. gambiae (as well as Ae. aegypti), An. funestus has been considered the principal vector during outbreaks due to the frequency of its identification in affected areas during outbreak periods. 20, 21 Interestingly, during an investigation of the 1960 ONNV outbreak in the Masaka District of Uganda, researchers noted an unexpected drop in malaria rates, identified through monthly testing of infants. 22 Therefore, the absence of ONNV detection in our study may have resulted from ONNV causing infrequent, large outbreaks, while accounting for few cases of acute febrile illness during interepidemic periods. Alternatively, the high incidence of malaria may indicate that ONNV is unlikely in this population, either due to interactions between these pathogens or exposure of humans to a less-fit mosquito vector for natural ONNV transmission.
In conclusion, we described the design and evaluation of a new rRT-PCR for ONNV that demonstrates good analytical performance when performed in monoplex or as a component of an ONNV-CHIKV duplex assay. This assay should provide a useful diagnostic for the accurate detection of ONNV, which has demonstrated potential to cause large-scale human outbreaks, but remains elusive.
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